Respiratory tract reflex responses are an important defense mechanism against noxious airborne materials. This study was aimed at defining the effects of adenosine on sensory irritation responsiveness and its role in odorant-irritant interactions. These experiments were aimed at testing the hypothesis that adenosine, through the A2 receptor, enhances trigeminal nerve responses to multiple irritants and that odorants enhance responsiveness to irritants through A2 pathways in the female C57Bl/6 mouse. The adenosine precursor, AMP, immediately and markedly increased the sensory irritation response to capsaicin, cyclohexanone, and styrene, irritants that activate chemosensory nerves through differing receptor pathways. The neuromodulatory effect was blocked by the general adenosine receptor antagonist theophylline and by the A2 receptor-specific antagonist DMPX. Multiple odorants were examined, including R-carvone (spearmint), linalool (lavender), trimethylamine (rotting fish), mercaptoethanol, and ethyl sulfide (stench and rotten eggs). Of these, only mercaptoethanol and ethyl sulfide exhibited neuromodulatory effects, enhancing the sensory irritation response to styrene or cyclohexanone. This effect was blocked by theophylline and DMPX indicating the importance of adenosine A2 receptor pathways in this effect. These results highlight that trigeminal chemosensory responsiveness is not static, but can be quickly modulated by adenosine and select odors resulting in hyperresponsive states.
Introduction
Stimulation of nasal trigeminal chemosensory nerves results in the sensory irritation response, a response characterized in humans by tickling, burning, or painful sensations and initiation of avoidance behavior (Alarie 1973) . Airborne pollutants that stimulate these nerves are termed sensory irritants and represent a toxicologically important class of compounds. Sensory irritation is the primary complaint about indoor air quality. It is also an important response in occupational settings as it is the basis for up to onehalf of occupation exposure guidance levels (Nielsen et al. 2007 ). Importantly, sensory irritants can exacerbate allergic airway disease, and humans and mice with allergic airway disease are hyperresponsive to irritants (Shusterman 2002; Morris et al. 2003) . In healthy conditions there appear to be interactions between odorants, which stimulate the olfactory nerve (cranial nerve I), and irritants, which stimulate the trigeminal nerve (cranial nerve V). The mechanisms for such interaction are poorly understood in part because most irritants also possess an odor that may confound irritant perception (Dalton 2003) . However, irritant thresholds are higher in anosmic individuals than in those with a normal sense of smell (Frasnelli et al. 2010) and, in rodents, malodorants have been shown to enhance the response to the irritant capsaicin (Desesa et al. 2008) . Moreover, odorants can exacerbate asthma, perhaps through chemosensory reflex pathways (Shusterman 2002 ) although this effect is not always observed (Opiekun et al. 2003) . Although this information suggests trigeminal chemosensory nerve sensitivity can be altered by disease and/or odorants, little is known about the mechanism(s) through which sensory irritant responsiveness could be modulated.
Recent studies suggest the purine adenosine may modulate neuronal responsiveness. In many tissues, the purine ATP is released in response to cellular stress and is subsequently hydrolyzed extracellularly to adenosine; adenosine can also be released directly from stressed cells by membrane nucleoside transporters (Fredholm et al. 2001; Wilson et al. 2009 ). Adenosine enhances the vagal response to a variety of stimuli including capsaicin, lactic acid, and lung distension (Gu et al. 2003) . Treatment with the adenosine receptor antagonist, theophylline, significantly attenuates the trigeminal responses to the irritants acetic acid and high (cytotoxic) concentrations of styrene (Vaughan et al. 2006) , suggesting that adenosine signaling is involved in some way in the sensory irritation response to these agents. Additionally, it has been shown that the malodorants ethyl sulfide and t-butyl sulfide enhance the sensory irritation response to the irritant capsaicin, with the enhancement being blocked by theophylline, suggesting a role for adenosine in this effect. Moreover, it is thought that prolonged high concentration exposure to a variety of odorants (e.g., cinnamon, lavender, and spearmint) stimulates purinergic signaling in olfactory mucosa (Carr 2005; Hegg and Lucero 2006) . Although these observations suggest that purines, in particular adenosine, may exert neuromodulatory effects on trigeminal nerve responsiveness, it is not known if these effects occur for multiple irritants nor have the precise adenosine receptor pathways involved been identified.
Airborne irritants can activate respiratory tract sensory nerves through multiple irritant receptors. Perhaps the first receptor pathway to be identified was the transient receptor potential vanilloid 1 (TRPV1) receptor (Caterina et al. 2000) . Capsaicin and cyclohexanone are thought to act through this receptor (Caterina et al. 1997; Silver et al. 2006; Willis et al. 2011) . Numerous electrophilic irritants stimulate sensory nerves through the transient receptor potential ankyrin 1 (TRPA1) receptor (Bessac et al. 2008a (Bessac et al. , 2008b . Vapors that act through this receptor include acrolein (Bautista et al. 2006) , styrene, and naphthalene (Lanosa et al. 2010) . The expression patterns for these receptors differ, thus it is possible that sensitivity to irritants that act through differing receptors may be modulated by differing factors.
This study was aimed at defining the neuromodulatory effects of adenosine and its role in odorant-irritant interactions. Adenosine can act through the A1, A2a, A2b, or A3 receptors expressed on the cell surface of many different cell types (Fredholm et al. 2001; Wilson et al. 2009 ). It is not known which of these receptors are responsible for the trigeminal neuromodulatory effects of adenosine, if any. The A2 receptor, however, is thought to be important in the pathogenesis of inflammatory airway disease, a condition characterized by irritant hyperresponsiveness (Wilson et al. 2009) , and the A2a receptor has been implicated in nociceptive hyperresponsiveness (Sawynok 1998) . Moreover, recent studies have shown that the TRPV1 and TRPA1 receptors are sensitized via phosphorylation by protein kinase A, a cAMP-dependent pathway (Jeske et al. 2008; Wang et al. 2008) . The A2 receptor activates adenylate cyclase producing cAMP (Fredholm et al. 2001; Wilson et al. 2009 ), suggesting a signaling pathway through which A2 receptor activation may sensitize the irritation response.
This study was aimed at testing the hypothesis that adenosine, through the A2 receptor, enhances trigeminal sensory nerve responses to irritants that act through either TRPV1 or TRPA1. Additionally, it was hypothesized that numerous odorants, through adenosine A2 pathways, enhance trigeminal sensory nerve responses to irritants that act through either TRPV1 or TRPA1. In these studies, capsaicin or cyclohexanone were used as TRPV1 acting irritants, and styrene or acrolein were used as TRPA1 acting irritants. Multiple odorants covering a wide range of chemical structure and odors were examined, including R-carvone (spearmint), linalool (lavender), trimethylamine (rotting fish), mercaptoethanol, and ethyl sulfide (stench and rotten eggs). Results indicated that adenosine enhances trigeminal responsiveness to both TRPV1 and TRPA1 agonist irritants through A2a receptor pathways, and that these pathways are stimulated by only selected odorants (ethyl sulfide and mercaptoethanol).
Materials and methods

Experimental approaches
Stimulation of trigeminal nerves in the mouse results in a decreased breathing frequency due to braking at the onset of expiration (Alarie 1973; Vijayaraghavan et al. 1993) . In this study, the duration braking was measured by wholebody plethysmography and was used to quantify the sensory irritation response (Larsen et al. 2009; Lanosa et al. 2010) . The duration of braking response can vary between mild (20-50 ms), moderate (50-250 ms) to marked (250 ms or higher). Using the duration of braking as the biomarker for trigeminal sensory nerve activation, experiments were aimed at: 1) examining the modulation of irritant responsiveness to multiple irritants by the adenosine precursor adenosine-5′-monophosphate (AMP), 2) assessing the role of the adenosine A2 receptor in AMP-induced modulation of the irritation response, 3) assessing the effects of multiple odorants on the sensory irritation response to multiple irritants, and 4) confirming the role of the adenosine A2 receptor in any observed effects.
The half-life of adenosine is quite short (seconds) (Pantely and Bristow 1990) . AMP is hydrolyzed by ectonucleotidases to form adenosine (Fredholm et al. 2001; Bours et al. 2006; Wilson et al. 2009 ); administration of AMP allows for a more prolonged elevation of adenosine levels. Therefore, parenteral (sc) administration of AMP was used in these studies with the inclusion of adenosine receptor antagonists to confirm any effects were due to adenosine itself. The initial experiments were performed to determine if parenterally administered AMP produced a sensory irritant response similar to that produced by adenosine aerosol (Vaughan et al. 2006) . Next, we examined the neuromodulatory effects of AMP on the sensory irritation responses to the irritants capsaicin, cyclohexanone, styrene, and acrolein. Capsaicin and cyclohexanone are TRPV1 agonists (Caterina et al. 2000; Silver et al. 2006) , and styrene and acrolein are TRPA1 agonists (Bautista et al. 2005; Lanosa et al. 2010) . These experiments included 2 adenosine receptor antagonists, the broad acting theophylline and the A2 antagonist 3,7-dimethyl-1-propargylxanthine (Seale et al. 1988; Gu et al. 2003) . For these experiments the antagonists were administered 30 min prior to AMP injection and a 9-min irritant exposure commenced 5 min after AMP was administered. The timing was based on the short half-life of AMP and adenosine.
In one study, the effects of the A2a selective agonist CGS 21680 and the A1 selective agonist N-cyclopentyladenosine (CPA) (Hutchison et al. 1989; Fredholm et al. 2001 ) were examined.
The next studies focused on odorants. Specifically, these studies examined the effects of the odorants, ethyl sulfide, mercaptoethanol, trimethylamine, R-carvone, and linalool on the sensory irritation responses to the irritant cyclohexanone and styrene. The irritants were selected because they are TRPV1 and TRPA1 agonists, respectively. The odorants were selected to cover a wide range of chemical structures and odors. This study included assessment of the sensory irritation response to each odorant alone, to determine if they directly stimulated trigeminal nerves. If so, exposure concentrations were selected to limit the degree of direct stimulation. Ethyl sulfide, mercaptoethanol, and trimethylamine were selected as malodorants with differing chemical structures. R-carvone (peppermint) and linalool (lavender) were selected because they are thought to initiate purinergic signaling pathways in the olfactory mucosa (Carr, 2005; Hegg and Lucero 2006) . R-carvone is a weak stimulant of the trigeminal nerve (Silver et al. 2006 ); linalool may interact with the TRPA1 and/or TRPM8 receptor (Behrendt et al. 2004; Riera et al. 2009 ). Odorant exposure concentrations were one-third of the vapor pressure (the highest level practicable) or the highest levels that did not produce a marked sensory irritation response (as determined by pilot experiments or determined by previous work [Desesa et al. 2008] ). If neuromodulatory effects were observed, the receptor pathway(s) involved were examined via use of theophylline or DMPX. When used, these antagonists were administered 30 min prior to irritant and/ or odorant exposure.
Animals and reagents
Female C57Bl/6J mice were used in all studies. Mice, obtained from Jackson Laboratories (Bar Harbor, ME), were 6-8 weeks of age at purchase and were housed over hardwood shavings (Sani-Chip Dry, P.J. Murphy Forest Products) in animal rooms maintained at 22-25 °C with a 12 h light:dark cycle (lights on at 6:30 AM) in an AAALAC accredited facility. Food (Lab Diet, PMI Nutrition International) and tap water were provided ad libitum. Animals were acclimated for at least 2 weeks prior to use and were used within 8 weeks of arrival. All protocols were approved by the University of Connecticut Institutional Animal Care and Use Committee.
Styrene (reagent grade, 98% purity), cyclohexanone (reagent grade, 99.8% purity), acrolein (reagent grade, 99% purity), capsaicin, AMP, theophylline, DMPX, and CGS 21680 were obtained from Sigma-Aldrich (St Louis). All other reagents were obtained from local suppliers and were of the highest purity available. Dosages of drugs were based on published methods or pilot experimentation and were as follows: AMP, 33 mg/kg sc (6.7 mg/mL in saline); theophylline, 20 mg/kg ip (5 mg/mL in saline (Vaughan et al. 2006) ; DMPX, 1 mg/kg ip (0.1 mg/mL in saline (Gu et al. 2003) ; CGS 21680, 0.25 mg/kg sc (0.05 mg/mL in saline), and CPA, 0.33 mg/kg sc (0.067 mg/mL in saline). Control animals received vehicle injections.
Exposure protocols
Spontaneously breathing mice were challenged with irritants, and respiratory parameters were monitored in a Buxco double plethysmograph (Buxco Inc.) using the Buxco noninvasive mechanics software. Animals were partially restrained in the plethysmograph by a latex collar, but were not anesthetized. Mice were able to withdraw their heads from the head space (exposure chamber) side of the plethysmograph at any time but did not. For duration of braking (DB), the Buxco signal was reprocessed to provide the time required to achieve 20% of the peak expiratory flow for each breath (Desesa et al. 2008; Lanosa et al. 2010) . DB values during exposure were corrected for baseline values, and therefore, represent the increase in DB during the exposure period. (Baseline duration of braking averaged 10 ms.) Animals hyperventilated and often fidgeted during the first 30-60 s of irritant exposure, therefore, data from exposure minute 1, were not included in statistical analysis.
Exposures were performed by drawing clean or irritantladen air into the head space of the double plethysmograph at a flow rate of 0.6 L/min. Air temperature ranged between 22 °C and 25 °C and relative humidity averaged ~50%. Due to the short plasma half-life of both agonists (AMP and CGS 21680) the protocol for exposure included animals being placed in the plethysmograph 2 min after injection. This was followed by a 3-min baseline exposure period to clean air proceeding a 9-min exposure period to irritant. Irritant exposures were initiated by switching from the clean air line to the irritant-laden air line. One-minute average values were recorded and used for statistical analysis (Alarie, 1981; Lanosa et al. 2010) . Plethysmograph headspace air samples were drawn during exposure and analyzed for irritant concentration as described below. Because the short halflife drug AMP was not at issue, a slightly differing protocol was used for the odorant studies. This protocol matched our previous studies (Desesa et al. 2008) , specifically, mice were placed in the plethysmograph for a 10-min acclimatization period, followed by a 10-min baseline and 15-min exposure period.
Irritant generation and analysis
All irritant and odorant vapor atmospheres were generated by flash evaporation. Airborne concentrations were measured by gas chromatography using a Varian Model 3800 gas chromatograph equipped with a gas sampling valve (0.25-mL loops), DB-WAX column (Agilent Technologies), and flame ionization detection. Standard curves were generated by evaporation of known amounts of the liquid irritants or odorants in a glass container and sampling of the air with the sample train used for plethysmograph sampling.
Capsaicin aerosols were generated with a Lovelace nebulizer. Particle size averaged 2.2 µm mass median aerodynamic diameter (MMAD) (σg = 2.4, Mercer impactor). The vehicle for nebulization was 5:1.7:0.05 saline:diethyleneglycol monoethyl ether:ethanol. Solutions of capsaicin in ethanol were substituted for the ethanol to generate capsaicin aerosols. Aerosol concentrations were measured by drawing plethysmograph headspace air through a 0.2-µm pore filter, elution with mobile phase, and analysis of capsaicin content by HPLC (Varian Model 2450, C18 column) with uv detection (210 nm) using a mobile phase of 1:1 acetonitrile:water.
Data analysis
Data are presented as mean ± SEM unless otherwise indicated. Data were log transformed prior to statistical analysis, as appropriate, to correct for heteroscedasticity. Comparison among groups were made by t-test or ANOVA followed by Newman-Keuls test. All statistical calculations were performed with Statistica Software (StatSoft). A P value of 0.05 or less was required for statistical significance.
Results
AMP studies
Parenterally administered AMP produced a slight DB response during a sham (e.g., clean air) exposure, with DB averaging 20 ± 5 ms in AMP injected compared with 0 ± 3 ms in saline-injected animals (P < 0.001). The peak response was 50 ms and occurred at 3 min of sham exposure.
To confirm and extend our previous studies (Vaughan et al. 2006) , the effect of AMP on the sensory irritation response to capsaicin was examined. Mice were exposed to 0.2 mg/m 3 capsaicin, a concentration selected, based on pilot studies, to produce a moderate response (e.g., 50-250 ms, see above). The experiment included 3 groups: controls, AMP, and theophylline-AMP. For illustrative purposes, the time course of the DB response in each group is shown in Figure 1A . As is apparent, AMP immediately and markedly enhanced the duration of braking response to capsaicin, and the enhancement was absent in theophylline-pretreated mice. Two-factor ANOVA revealed a significant difference among groups (P < 0.001) and among exposure times (P < 0.001); a significant interaction between groups and time was not detected (P = 0.5), indicating the differences among groups were statistically uniform throughout the exposure. The DB responses (averaged throughout the exposure) are shown in Figure 1B . The response in the AMP-treated group was roughly 4-fold greater than to capsaicin alone. The effect of AMP was abolished by theophylline pretreatment.
(Theophylline was without effect on the response to capsaicin alone.) The A2 antagonist DMPX was without effect on the response to capsaicin alone but abolished the AMP enhancement of the irritation response ( Figure 1C) . In all cases, the AMP-induced increase in the capsaicin-induced DB response (>100 ms) was much greater than the average DB response (20 ms) to AMP alone.
AMP enhanced the DB response to another TRPV1 agonist vapor, cyclohexanone (Figure 2) , with the response to cyclohexanone in AMP-treated animals being roughly 2-fold greater than that to cyclohexanone alone. Mice were exposed to 1600 ppm cyclohexanone, a concentration selected to produce a moderate response. The effect of AMP was abolished by the general adenosine receptor antagonist theophylline (Figure 2A) , and also by the adenosine A2-specific antagonist DMPX ( Figure 2B ). Theophylline and DMPX were without effect on the response to cyclohexanone alone. In all cases, the AMP-induced increase in the cyclohexanoneinduced DB response (>100 ms) was much greater than the average DB response (20 ms) to AMP alone.
AMP also enhanced the DB response to the TRPA1 agonist vapor styrene (Figure 3) . The response to styrene in AMP-treated animals was 2-3-fold greater than the response to styrene alone. Mice were exposed to 50 ppm styrene, a concentration selected to produce a moderate response. The effect of AMP was abolished by the general adenosine receptor antagonist theophylline ( Figure 3A) and also by the adenosine A2-specific antagonist DMPX ( Figure 3B ). Theophylline and DMPX were without effect on the response to styrene alone. In all cases, the AMP-induced increase in the styrene-induced DB response (>100 ms) was much greater than the average DB response (20 ms) to AMP alone.
To confirm the role of the A2a receptor, the effects of the A2a-specific agonist, CGS 21680, on the DB response to styrene were examined. The response to styrene in CGS 21680-treated animals was 2-fold greater than that to styrene alone, and the effect was abolished by DMPX pretreatment ( Figure 3C ). The adenosine A1 agonist CPA (0.33 mg/kg, sc, a dose which produced a sensory irritation response similar to that of AMP) did not enhance the response to styrene suggesting that adenosine A1 pathways do not contribute to the sensitization response.
AMP did not enhance the DB response to the TRPA1 agonist vapor acrolein ( Figure 4A) ; the difference in response to 2 ppm acrolein in control and AMP-treated mice was relatively small (1.25-fold) and did not attain statistical significance (P = 0.06). In fact, the response in the AMP-acrolein group (392 ms) appears to approximate an additive response relative to the response to acrolein alone (300 ms) and AMP alone (20 ms). To confirm that the absence of effect of AMP was not specific to a single concentration of acrolein, the effect of AMP on the DB response to 0.5 or 1 ppm acrolein was examined. AMP appeared to have an additive effect at both concentrations (data not shown). Because acrolein is acutely cytotoxic and stressed cells may release ATP (with subsequent conversion to AMP and adenosine), it is possible that exogenous AMP was with minimal effect because significant levels of AMP were released endogenously. To test this possibility, the effect of theophylline on the response to acrolein (2 ppm) was examined. Theophylline significantly reduced the response to acrolein ( Figure 4B ).
Odorant studies
The potential effect of multiple odorants on the DB responses to the TRPV1 agonist, cyclohexanone (1600 ppm) and the TRPA1 agonist vapor styrene (40 ppm) were examined (Table 1) . R-carvone (spearmint) and linalool (lavender) were selected because they are possible aroma-therapeutics and previous studies suggest they may cause purinergic signaling in olfactory mucosa (Carr 2005; Hegg and Lucero 2006) . Ethyl sulfide, mercaptoethanol, and trimethylamine were used as malodorants. Ethyl sulfide and mercaptoethanol did not induce sensory irritation (DB response less than 10 ms), indicating they do not stimulate TRP receptor pathways at the concentrations used in this study. Triethylamine, linalool, and R-carvone all caused mild sensory irritation at the concentration used (Table 1) . Exposure concentrations were as follows: R-carvone, 10 ppm; linalool, 50 ppm; ethyl sulfide, 10 ppm; mercaptoethanol, 350 ppm; trimethylamine, 100 ppm. These concentrations greatly exceeded the odor thresholds for these odorants. Neither R-carvone nor linalool nor trimethylamine enhanced the response to either styrene or cyclohexanone. Although the response to cyclohexanone plus R-carvone (or linalool, or trimethylamine) appeared higher than the response to cyclohexanone (or linalool, or trimethylamine) alone, the response in the combined group did not differ significantly from irritant alone (P > 0.05) and did not appear to be greater than additive of the responses to the irritant and the respective aromas Figure 1 Time course of the effect of AMP on the sensory irritation response to capsaicin aerosol and its antagonism with theophylline (A). All mice were challenged with 0.2 mg/m 3 capsaicin aerosol beginning 5 min after AMP or vehicle pretreatment. Asterisks indicate the time points at which the response in the AMP-only-treated group was significantly higher than control or the response in the theophylline-AMP group. At no time was the response in the theophylline-AMP group significantly different from that in control. Theophylline was without effect on the response to capsaicin alone, the data from vehicle and theophylline-treated mice exposed to capsaicin alone (without AMP) were pooled to form the control group. Data are presented as mean ± SEM. Each group contained 5-10 mice.The effect of AMP on the sensory irritation response to capsaicin vapor and its antagonism by theophylline and DMPX are shown in B and C, respectively. All mice were challenged with capsaicin at a concentration of 0.2 mg/m 3 . These figures represent differing experiments performed on differing groups of mice. The response to capsaicin was somewhat variable. Neither theophylline nor DMPX altered the response to capsaicin alone, the data from drug-and vehicle-treated mice were pooled to form the respective control groups. Data were analyzed by ANOVA followed by NewmanKeuls test, P values are shown. Each group contained 4-10 mice.
by guest on November 7, 2016 http://chemse.oxfordjournals.org/ alone. Interestingly, the response to styrene was significantly diminished by coexposure to linalool (P < 0.05). In contrast with the other odorants, the sulfur-containing odorants ethyl sulfide and mercaptoethanol significantly increased the response to styrene and/or cyclohexanone. Because styrene is metabolized to an epoxide (Green et al. 2001; Cruzan et al. 2002) and mercaptoethanol is an electrophile scavenger, the styrene-mercaptoethanol experiment was not performed.
The role of adenosine in the enhancement of irritant responsiveness by ethylsulfide was examined next (Figure 5 ). The response to cyclohexanone was increased roughly 2-fold by coexposure to ethyl sulfide and this effect was abolished in animals treated with theophylline or DMPX ( Figure 5A) . Similarly, the response to styrene was increased roughly 2-fold by coexposure to ethyl sulfide with the effect being abolished by treatment with theophylline or DMPX ( Figure 5B ).
Discussion
The results of this experiment provide strong evidence that adenosine exerts neuromodulatory effects on the trigeminal chemosensory nerves. The adenosine precursor AMP markedly enhanced the irritation response to capsaicin, styrene, and cyclohexanone. In all 3 cases, the neuromodulation was abolished by pretreatment with the adenosine receptor antagonist theophylline or DMPX. DMPX is an adenosine A2 receptor-specific antagonist, thus, it appears that in the mouse adenosine exerts its modulatory effect through this receptor pathway. This was confirmed by the use of CGS 21680, an A2a selective agonist, which enhanced the response to styrene through a DMPX sensitive pathway. The inhibition of the effect of CGS 21680 by DMPX confirms it was acting specifically through adenosine A2a pathways rather than nonspecifically.
It is thought adenosine exerts pronociceptive effects in peripheral nerves through A2a receptors expressed on nerve terminals (Sawynok 1998) . Perhaps this occurs in the nose. The A2 receptor is a Gs-linked receptor that activates adenylate cyclase and increases cellular cAMP (Fredholm et al. 2001; Wilson et al. 2009 ). Protein kinase A-mediated phosphorylation of serine/threonine sites on the TRPV1 receptor is known to produce sensitization (Jeske et al. 2008) . Recently, it has been shown that a similar effect occurs on the TRPA1 receptor (Wang et al. 2008) . Thus, it is likely the signaling basis for the adenosine A2-mediated sensitization of the irritation response involves this pathway. Future experiments are necessary to confirm this supposition, however. The localization of A2a receptor expression in nasal tissues and/or nerves is not known. Based on the cAMP signaling mechanism, coexpression of adenosine and TRP receptors on nerve terminals seems likely. However, because adenosine receptors (A1, A2a, A2b, A3) are expressed on multiple epithelial and inflammatory cells; a multicellular signaling pathway cannot be ruled out at the present time (Wilson et al. 2009 ). In this regard, it should be recognized that although the results of this study indicate adenosine A2 receptor pathways contribute to the neuromodulation, these studies do not eliminate the possibility that other pathways are involved in some manner as well. The contributions of these receptors are likely minor because the A2 antagonist entirely blocked the neuromodulatory effects of AMP, and the A1 agonist CPA was without effect. The irritants used in this study act specifically on chemosensory C fibers that express the TRPV1 or TRPA1 receptor. Trigeminal innervation of the nose also consists of non-TRPV1-expressing C fibers and Aδ fibers. It is not known if adenosine sensitizes these non-TRPV1-expressing chemosensory nerves. It is possible the effects of adenosine are specific to the TRP Figure 2 Effect of AMP on the sensory irritation response to cyclohexanone vapor and its antagonism by theophylline (A) and DMPX (B). All mice were challenged with cyclohexanone at a concentration of 1600 ppm. These figures represent differing experiments performed on differing groups of mice. Neither theophylline nor DMPX altered the response to capsaicin alone, the data from drug-and vehicle-treated mice were pooled to form the respective control groups. Data were analyzed by ANOVA followed by Newman-Keuls test, P values are shown. Each group contained 5-10 mice.
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The effects of adenosine appear to be neuromodulatory rather than reflective of direct stimulation of trigeminal chemosensory nerves. At the dose used, AMP produced only minimal and transient sensory irritation. This response was identical to that produced by adenosine aerosol (Vaughan et al. 2006 ). In the case of adenosine aerosol, the minimal sensory irritation response was mediated by adenosine A1 pathways and occurred in non-TRPV1 (capsaicin-insensitive nerves). This is a different response than that observed in this study. This study documents that neuromodulatory effects were observed in nerves that express TRPV1 (e.g., capsaicinsensitive), and were mediated by A2 receptor pathways, but not A1 pathways. Thus, it appears adenosine exerts 2 differing effects on trigeminal sensory nerves: 1) it causes direct stimulation of non-TRPV1-expressing nerves via A1 pathways, and 2) it also sensitizes TRPV1-expressing nerves through A2 pathways. The results of this study are somewhat similar to those observed for adenosine on the vagus nerve of the rat. Large doses of adenosine were shown to directly stimulate the vagus, but much lower doses were neuromodulatory, enhancing the sensory nerve responses to multiple stimuli including capsaicin, lactic acid, and lung distension (Gu et al. 2003) . Interestingly, the neuromodulatory effects of adenosine on the vagus of the rat were mediated via A1 receptor pathways, whereas the effects observed on the trigeminal of the mouse in this study were A2a dependent. This may reflect nerve (vagus vs. trigeminal) and/or species (rat vs. mouse) differences. Additional studies are needed to further characterize these differences. Nonetheless, adenosine has been shown to enhance chemosensory nerve responses in both the trigeminal and vagus and in 2 species. Adenosine signaling pathways may be operative in the human respiratory system as well. In humans, adenosine therapy causes dyspnea, suggesting human chemosensory nerves are sensitive to adenosine and adenosine signaling pathways (Burki et al. 2005) .
Adenosine signaling pathways appear to be toxicologically important in a variety of settings. The adenosine receptor antagonist theophylline markedly diminished the sensory irritation response to acrolein, providing evidence that adenosine signaling is involved in some way in its response. It is important to note that the effects of theophylline were specific to acrolein; theophylline exerted no effect on the sensory irritation response to capsaicin, cyclohexanone, or styrene at the concentrations used in this study. Of these 4 irritants (acrolein, capsaicin, cyclohexanone, or styrene), acrolein is the most potent cytotoxicant. In a variety of tissues (e.g., bladder, gut, bronchial epithelium) cell stress results in the release of ATP, which is rapidly converted to adenosine (Burnstock 2001; Bertrand 2003; Schwiebert and Zsembery 2003; Ahmad et al. 2005) . Perhaps acrolein initiates an analogous process in the nose. It is possible this is a protective response. Specifically, toxicant-induced nasal cellular stress may result in adenosine pathway stimulation with sensitization of chemosensory Figure 3 Modulation of the sensory irritation response to styrene vapor by AMP and its antagonism by theophylline (A) and DMPX (B), or modulation by CGS 21680 and its antagonism by DMPX (C). All mice were challenged with styrene at an average concentration of 51 ppm (A), 64 ppm (B), or 57 ppm (C). These figures represent differing experiments performed on differing groups of mice. Neither theophylline nor DMPX altered the response to styrene alone, the data from drug-and vehicle-treated mice were pooled to form the respective control groups. Data were analyzed by ANOVA followed by Newman-Keuls test, P values are shown. Each group contained 4-8 mice.
by guest on November 7, 2016 http://chemse.oxfordjournals.org/ nerves and heightened breathing pattern (mice) or avoidance (human) responses that would serve to limit further exposure. This pattern is not unique to acrolein as it occurs at cytotoxic concentrations of other irritants as well. Through use of theophylline, adenosine signaling appears to be important in the response to acetic acid vapor and high concentration styrene (Vaughan et al. 2006) . The current studies used styrene concentrations of 60 ppm or lower, a no effect level; whereas our previous study (Vaughan et al. 2006 ) used 200 ppm styrene, a cytotoxic concentration (Green et al. 2001) . Bronchial epithelial cells have been shown to release ATP in response to ozone (Ahmad et al. 2005) . These results suggest that irritantinduced purinergic signally pathways occur in the lower airways as well as the nose.
The results of this study suggest that selected odorantirritant interactions may involve adenosine signaling. It is known that high concentration exposure to several odorants initiates purinergic signaling pathways in olfactory mucosa (Hegg and Lucero 2006) . We have previously shown that the malodorants t-butylsulfide (skunk) and ethylsulfide markedly enhance the trigeminal response to capsaicin. The current results extend this result to mercaptoethanol and also show the enhanced responsiveness occurs to cyclohexanone and styrene as well. This neuromodulatory effect is mediated through adenosine A2a pathways as indicated by the blockade by theophylline and DMPX and initiation by CGS 21680. Although this interaction was observed for t-butyl sulfide, ethyl sulfide, and mercaptoethanol, it was not observed for the malodorant trimethylamine or the aromas spearmint or lavender. The lack of effect of R-carvone, linalool, or trimethylamine is not likely due to use of too low a concentration because these odorants themselves exhibited irritating properties at the levels used as indicated by a significant DB response. The mechanisms through which these compounds stimulate trigeminal nerves are not known, linalool may act through stimulation of TRPA1 (Riera et al. 2009 ). It is not likely that R-carvone acts through TRPV1 (Silver et al. 2006) . No information is available on triethylamine and sensory nerve activation. Prolonged high concentration exposure to R-carvone or linalool does initiate olfactory mucosal purinergic signaling (Carr, 2005; Hegg and Lucero 2006) . Perhaps the lack of effect in this study was due to its shorter duration. Interestingly, linalool decreased the irritation response to styrene. Styrene must be metabolically Ethylsulfideb 4 ± 4 233 ± 9 291 ± 9* 104 ± 8 176 ± 14* Mercaptoethanolb 3 ± 3 ND ND 68 ± 4 133 ± 21* a Average DB response (ms) is presented and shown as mean ± SEM; each group contained 4-10 mice. The data for each irritant-odorant pair were analyzed individually by ANOVA.
b Exposure concentrations were as follows: 10 ppm for R-carvone, 50 ppm for linalool, and 100 ppm for trimethylamine. These were the highest concentrations that did not produce marked sensory irritation. The ethyl sulfide concentration was 10 ppm (based on previous work; Desesa et al. 2008) ; the mercaptoethanol concentration was 350 ppm, and was approximately one-third of saturation.
*Indicates the irritant-odorant combination was significantly different from irritant alone.
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http://chemse.oxfordjournals.org/ activated to cause sensory irritation (Lanosa et al. 2010) . Perhaps linalool inhibits activation. Alternatively, linalool is also a TRPM8 agonist. We have recently shown that the TRPM8 agonists menthol and eucalyptol strongly attenuate sensory irritation responsiveness (Willis et al. 2011) . The basis for the odorant specificity of the neuromodulatory responses observed in this study is unknown. Odorant-irritant interactions are poorly understood. There are collateral connections between the trigeminal and olfactory nerves suggesting direct neuronal interactions may occur (Schaefer et al. 2002) , but odor perception and/or annoyance may play a large role in any odorant/irritant interaction in humans (Dalton, 2003) . Our results of this study suggest that a physiological, rather than psychological, basis for an odorant-irritant interaction may exist, but our studies must be interpreted with caution. The effect was only observed for sulfur-containing compounds and may be reflective of some chemical property other than odor. Further studies are needed to clarify this issue. Nonetheless, sensitization of trigeminal nerves reflects a potentially deleterious response (particularly in disease). This may represent a heretofore unappreciated toxicity of the volatile sulfur-containing compounds studied herein.
Irritant hypersensitivity is a characteristic of the allergic airway diseases rhinitis and asthma. Elevated levels of adenosine are observed in airway secretions of individuals with asthma and hyperresponsiveness to adenosine is a characteristic of allergic airway disease (Wilson et al. 2009 ). Moreover, we have shown that the allergic airway diseased mouse is hypersensitive to irritants and also to adenosine (Vaughan et al. 2006) . Although speculative, it is possible adenosine signaling pathways contribute to the irritant hypersensitivity associated with airway allergy. Future studies are needed to address this issue.
In summary, the results of this study indicate adenosine, through A2a pathways, is neuromodulatory, enhancing chemosensory trigeminal nerve responses to multiple irritants. This signaling pathway may contribute to the integrated trigeminal response to cytotoxic irritants (e.g., acrolein, high concentration styrene) and may also be initiated by some strong odors. Importantly, these results highlight that trigeminal chemosensory responsiveness is not static, but can be quickly modulated resulting in hyperresponsive states. 
